Lorentz symmetry violations can be parametrized by an effective field theory framework that contains both general relativity and the standard model of particle physics called the standard-model extension (SME). We present new constraints on pure gravity SME coefficients obtained by analyzing lunar laser ranging (LLR) observations. We use a new numerical lunar ephemeris computed in the SME framework and we perform a LLR data analysis using a set of 20721 normal points covering the period of August, 1969 to December, 2013. We emphasize that linear combination of SME coefficients to which LLR data are sensitive and not the same as those fitted in previous postfit residuals analysis using LLR observations and based on theoretical grounds. We found no evidence for Lorentz violation at the level of 10 We improve previous constraints on SME coefficient by a factor up to 5 and 800 compared to postfit residuals analysis of respectively binary pulsars and LLR observations.
Lorentz symmetry violations can be parametrized by an effective field theory framework that contains both general relativity and the standard model of particle physics called the standard-model extension (SME). We present new constraints on pure gravity SME coefficients obtained by analyzing lunar laser ranging (LLR) observations. We use a new numerical lunar ephemeris computed in the SME framework and we perform a LLR data analysis using a set of 20721 normal points covering the period of August, 1969 to December, 2013. We emphasize that linear combination of SME coefficients to which LLR data are sensitive and not the same as those fitted in previous postfit residuals analysis using LLR observations and based on theoretical grounds. We found no evidence for Lorentz violation at the level of 10 We improve previous constraints on SME coefficient by a factor up to 5 and 800 compared to postfit residuals analysis of respectively binary pulsars and LLR observations. Since its establishment in 1915 by Einstein, general relativity (GR) has survived one century of experimental and theoretical scrutiny; its foundations have been tested spanning all scales, from the Solar System to the edge of the early Universe. Those tests can only be described in an extended framework parametrizing deviations from GR. In the past decades, two frameworks were widely used in the literature at the scale of the Solar System, namely, the parametrized post-Newtonian (PPN) [1] and the fifth force formalisms [2] . However, some motivations are given to look for deviations to GR in other frameworks (see e.g. [3] and references therein), for example the standard-model extension (SME) framework [4] [5] [6] . This framework aims at systematically parametrizing any hypothetical violation of the Lorentz symmetry in all sectors of physics from particles physics to gravity.
Lorentz invariance is one of the fundamental symmetries of relativity and has profound implications that extend from particle physics to GR. It states that the outcome of any local experiment is independent of the velocity and of the direction of the local freely falling frame in which the experiment is performed [1] . Considering the broad field of applicability of this symmetry, searches for Lorentz symmetry breaking provide a powerful test of fundamental physics. In addition, many scenarios in the literature expect some Lorentz violations like, e.g., string theory, loop quantum gravity and noncommutative fields theory [7, 8] . In this context, Colladay and Kostelecký have built an effective field theory making possible confrontations between fundamental theories and experiments called the SME.
Following from [6, 9] , a hypothetical breaking of the Lorentz symmetry in the gravitational sector naturally leads to an expansion at the level of the gravitational part of the action which is given in the minimal SME as
with κ = 8πGc −4 being the Einstein constant, c being the speed of light in a vacuum, g being the determinant of the metric tensor g µν , R being the Ricci scalar, R T µν being the trace free Ricci tensor, C αβµν being the Weyl conformal tensor, u, s µν and t αβµν being the Lorentz violating fields. S contains the dynamical terms governing the evolution of SME coefficients. Note that Eq. (1) only contains Lorentz violating terms of the gravitational sector of the SME. The matter and electromagnetic sectors of the SME are not discussed here since they are constrained mainly by laboratory experiments (see [10] for a summary of all constraints, and e.g., [11] for a discussion of the relation between the electromagnetic sector of the SME and previous frameworks like the c 2 formalism). From experimental evidence the violating fields have to be small quantities. Therefore, it is reasonable to work in the linearized gravity limit where the metric depends only onū ands µν which are the vacuum expectation values of u and s µν [9] . The coefficientū is unobservable since it can be absorbed in a rescaling of the gravitational constant. As mentioned by [9] the so obtained post-Newtonian metric differs from the PPN one.
Many studies aimed at constraining the pure gravity SME coefficients by searching for possible theoretical signatures in postfit residuals of measurements analyzed in pure GR. This procedure has been applied to many observations: atom interferometry [12] , gravity probe B [13] , binary pulsars [14, 15] , planetary ephemerides [16, 17] , cosmic ray observations [18] , gravitational wave detection [19] , and even lunar laser ranging (LLR) [20] . In addition, several suggestions have been made to further constrain the SME coefficients [17] e.g. using the Cassini conjunction data [21] to constrain thes T T coefficient or to use the LAGEOS/LARES data that have been successfully used to detect the frame-dragging effect [22, 23] .
However, as mentioned in [24] a postfit search for SME signatures is not fully satisfactory. In that paper, the authors showed that the uncertainties obtained by a postfit analysis based on a GR data reduction can be underestimated by up to 2 orders of magnitude. This is mainly due to correlations between SME coefficients and others global parameters (e.g., masses, positions, and velocities) that are neglected in this kind of approach. Moreover, the analytical Lorentz violation signatures that are looked for in this kind of postfit residuals analysis are always a combination of natural frequencies appearing in the fundamental problem governing the evolution of the experiment. Consequently, after a fit in pure GR, signals at the natural frequencies are absorbed in the redefinition of initial conditions and physical parameters. Therefore, it could be problematic to look only for main analytical Lorentz violating signals in postfit residuals since it could have been absorbed in a redefinition of one or more physical parameters. Finally, in the case of LLR data analysis, the oscillating signatures derived in [9] and used in [20] to determine pseudoconstraints are computed only accounting for short periodic oscillations, typically at the order of magnitude of the mean motion of the Moon around the Earth. For instance, the recession motion of line of apsides in 8.85 years or the precession motion of the lunar orbit on the ecliptic plane in 18.6 years are both neglected. Therefore, this analytic solution remains only valid for a few years while LLR data span over 45 years (see also the discussion in footnote 2 from [17] ). In a more correct strategy, the SME modeling must be included in the complete data analysis and the SME coefficients need to be estimated in a global fit along with others parameters by taking into account short and long period terms and also correlations. This approach has recently been successfully used in a study using Very Long Baseline Interferometry data [24] to improve the estimation of thes TT coefficient. In this Letter, we apply for the first time the same approach to estimate SME coefficients from LLR data.
LLR is used to conduct high-precision measurements of the light travel time of short laser pulses between a LLR station on Earth (McDonald Observatory in Texas, Observatoire de la Côte d'Azur in France, Haleakala Observatory in Hawaii, Apache Point Observatory in New Mexico, and Matera in Italy) to a corner cube retroreflector on the lunar surface (Apollo XI, XIV, XV and Lunokhod 1, 2) and back to the station receiver. The change of the round-trip travel time contains a lot of information about the Earth-Moon system leading to many different fields of investigations like lunar science, geodesy, geodynamics and gravitational physics. In addition, the determination of physical or gravitational parameters benefits from the 45 years of LLR data span and from the technology improvement that has led to the current observational accuracy at the subcentimetric level [25, 26] . LLR data are presented as normal points that combine time series of measured light travel time of photons, averaged over several minutes to achieve a higher signal-to-noise ratio measurement of the lunar range at some characteristic epoch. Each normal point is characterized by one emission time, one time delay and some additional observational parameters such as laser wavelength, atmospheric temperature and pressure etc. According to [27] , the theoretical expression of the time delay is defined as
with
∆t c is the theoretical round-trip travel time in international atomic time (TAI), T 1 , T 2 , and T 3 are respectively the barycentric dynamical time (TDB) at the emission, reflection, and reception points, r o and r o are respectively the barycentric position vector at the emitter and the reception point on Earth, r r is the barycentric position vector of one of the five lunar retroreflectors, ∆τ s is the one-way gravitational time delay correction (i.e. the Shapiro time delay), ∆τ a is the one-way tropospheric correction to the light propagation and ∆τ t is a relativistic time scale correction due to the transformation between TDB and TAI (see [28] for further details). In order to analyze LLR data in the SME framework, we have built a new numerical lunar ephemeris, ephéméride lunaire parisienne numérique (ELPN) which computes numerically orbital and rotational motion of the Moon. In addition, ELPN computes the angular velocity of the Moon's liquid core considering a laminar damping term between the core and the lunar mantle since tidal and core dissipations present separable signatures as discussed in [29] .
As a validation of our dynamical model, we compare our GR solution with the DE430 solution from JPL [30] . The main differences are the Moon gravitational potential (modeled until the fifth degree in ELPN versus sixth degree in DE430) and the number of accounted asteroids (70 in ELPN versus 343 in DE430). Moreover, we integrate the partial derivatives of the observables with respect to all the estimated parameters by including directly the variational equations in the integration (representing a total of 6000 integrated equations) instead of the pure numerical computation method implemented in being the heliocentric velocity vector of the Earth-Moon barycenter. Latin indices are used to denote space coordinate (X, Y, Z) and T represents the time coordinate (TDB) as in Eq. (2) (see also [9] for the conventions used in SME analyses). In the last equation, we used the three-dimensional traceless tensors TT ) [13] . The numerical ephemeris provides the position, velocity and orientation of the different bodies and all the associated partial derivatives. The remaining quantities needed for the evaluation of Eq. (2) are computed using an existing software at the Paris Observatory Lunar Analysis Centre (POLAC) based on the 2010 international Earth rotation system conventions [31] . This software has been upgraded in order to take into account effects from the breaking of the Lorentz symmetry on the light propagation. More precisely, the SME time delay formula [see Eq. (24) from [32] ] of the pure gravity sector expressed in standard harmonic gauge has been used for the computation of ∆τ s in Eqs. (3). This expression has to take into account the rescaled Newtonian constant G N defined previously. The SME gravitational time delay is taken into account for consistency since it is unobservable considering the smallness of SME coefficients and the current accuracy of LLR observations. We finally determine residuals using LLR data and minimize them with a standard iterative least-square fit.
First of all, we built a reference solution computed in pure GR by adjusting a set of 76 parameters including the geocentric positions of LLR stations, the selenocentric positions of lunar retroreflectors, the barycentric EarthMoon position and velocity vectors at J2000, the lunar libration angles with their time derivatives at J2000 and the rotation vector of the Moon fluid core at J2000. We also estimated the masses of the Earth-Moon system, the Earth rotational time lag for diurnal and semidiurnal deformation, the potential Love number of degrees 2, 3, and 4 of the Moon, the Moon time lag for solid-body tide of degree 2, the total moment of inertia of the Moon, the ratio of polar moment of inertia of core to the mean total moment of inertia of the Moon, the flattening of the Moon core and the damping term between the solid mantle and the fluid core of the Moon. After this fitting process, the differences between the ELPN solution and DE430 remain below 5 cm on the Earth-Moon distance and below 50 cm along the lunar orbit during the time span of LLR data meaning that the two ephemerides are very similar. Moreover, the differences between our estimated values for the different parameters and the estimated values in DE430 remain below the 5-sigma uncertainty.
This new lunar solution constituted the starting point of the analysis that includes Lorentz violation terms. From it, we built a second solution by adjusting the exact same parameters together with the SME coefficients. This analysis reveals that two pairs of SME coefficients are highly correlated (i.e. the absolute value of their correlation coefficient is higher than 0.99). This indicates that the data are sensitive to linear combinations of these parameters only. An analysis of the partial derivatives and of the covariance matrix allows us to determine the linear combinations to which the data are sensitive to:
These linear combinations have to be compared to those of [17] [cf., Eqs. (16)] where authors used Eqs. (107) in [9] . We notice that linear combinations involvings TJ are similar [see Eq (16c) and (16d)], meaning that oscillating signatures derived in [9] are well determined fors TJ . However, the other linear combination is different. Note that in all SME analyses,s A ands B are used instead ofs XX ,s YY , ands ZZ . These two combinations enforce the traceless condition ons µν (see also [9] ). A new adjustment using these linear combinations of SME coefficients provides estimations and statistical uncertainties on the different linear combinations of the SME coefficients:
Moreover, in this new solution, the six fitted linear combinations do not show high correlations (below 50% betweens TX and s A ). As mentioned by [33] , we expect LLR data analysis to suffer from systematic uncertainties in model parameter estimates. Such systematics may arise from observations or from mismodeling, for instance, from neglected correlation between observations of each LLR station. As a consequence, the standard deviation reported by the least-square fit (called the statistical uncertainty labeled σ stat ) underestimates realistic uncertainty. Therefore, it is essential to quantify the order of magnitude of such systematics in the data analysis.
In order to assess the impact of potential systematics, as a function of data subsamples by lunar reflectors. L1 and L2 correspond to subsamples without respectively Lunokhod 1 and 2 data, while XI, XIV and XV refer to subsamples without respectively Apollo XI, XIV, and XV data. The top and bottom error bars are those provided by the chi-square fit at 1σstat standard deviation and the red line corresponds to the theoretical values of the SME coefficients in the GR framework.
we split our data set into five independent subsets by removing data related to one of the five LLR stations. We estimated the parameters mentioned above with these five subsets. The top of Fig. 1 shows for illustrative purposes the derived estimations on two SME coefficients.
We can see that the confidence intervals derived with the different stations do not overlap. The SME coefficients being universal, this result is a strong indication of the presence of systematics. A similar analysis has been performed with the different lunar reflectors and is presented for illustrative purposes on the bottom of Fig.  1 . For each subsamples we have checked that the new estimations of all parameters (SME coefficient and others) stay below the 5σ stat confidence interval of the reference solution, meaning that the new solution is valid. In order to estimate systematic uncertainties, we used a jackknife resampling method [34, 35] (see a similar use of this resampling technique in the context of asteroid observations [36] or in the context of cosmology [37, 38] ).
The idea is to split the data set into n different independent subsets and to estimate the parameters by systematically excluding one of the subset. If we denote by x i the n estimations of a parameter of interest x obtained by removing one subset of data, an estimate of the systematic variance is σ 2 (x) = n−1 n n i (x i −x) 2 , withx being the mean of the n values x i [34] . We applied this resampling method to the estimates of the SME parameters for two cases: (i) by splitting our data set with respect to the different LLR stations (the obtained systematic variance is denoted σ Table I . Some of our estimates improved previous constraints based on postfit analysis by a factor up to 5. More precisely, the constraints on thes TJ coefficients are of the same order of magnitude as the ones from binary pulsars [15] but improve the ones from the planetary ephemerides by a factor 5 [17] . The estimates ons XY ands XZ improve previous constraints from binary pulsars by a factor 4 − 5 and from planetary ephemerides by 1 order of magnitude.
The estimatess
A ands D are improved by a factor 2.5 with respect to binary pulsar analysis and by 1 order of magnitude with respect to planetary ephemerides. In addition our results improve a previous postfit analysis with LLR data [20] by a factor 30 to 800. Nevertheless, we want to emphasize that the linear combinations fitted in that paper have been determined in a sensitivity analysis based on theoretical calculations (see [9] ) only accounting for short periodic oscillations (see discussion above). Our numerical analysis shows that this approach is not accurate enough for a full data analysis since the fitted linear combinations are different.
As mentioned above, our results are mainly dominated by systematic uncertainty. One way to improve our estimates would be to improve our understanding of these and to model them carefully. Moreover, some SME coefficients (mainlys A ) show slight correlations with parameters appearing in the rotational motion of the Moon as the principal moment of inertia (at the level 0.85), the quadrupole moment (at the level 0.87), the potential Stockes coefficient C 22 (at the level 0.81) and the polar component of the velocity vector of the fluid core (at the level 0.85). Those parameters have an impact on the rotational motion of the Moon that affects the orbital motion through the effect of the lunar potential. Consequently, it would be interesting to produce a joint GRAIL [39, 40] and LLR data analysis. We expect this combined analysis to help in decorrelating the SME parameters from the lunar potential and therefore to improve marginalized estimations of the SME coefficients.
In conclusion, we have analyzed a set of 20721 LLR data spanning 44 years by using ELPN, a new numerical lunar ephemeris. In this work, the SME modeling has been included in the complete data modeling and the coefficients of the minimal SME are estimated simultaneously with other LLR standard parameters. We show that the data are sensitive to linear combinations of the SME coefficients that have been determined numerically. We provided an estimation of these combinations taking into account statistical and systematic uncertainties. We found no evidence for Lorentz violation at the 1σ confidence level. Our results improve several constraints on the SME coefficients with respect to previous studies [15, 17, 20] . In addition previous studies are based on postfit analysis and therefore neglect all potential correlations (see also the discussion in [24] ). For this reason, our estimates are more robust.
